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L Bac] 1 and obiectiv

The object of this program was to determine the best approach and to construct one and two-
dimensional arrays of YBCO Josephson junctions with the purpose of making oscillators. While
originally bi-epitaxial junctions were envisioned as the junction technology of choice (one of the
best available at the time the proposal was written), better technologies surfaced in the interim.
Thus while the goals and objectives do not change on the surface, the underlying technology may
have shifted somewhat from that originally planned. The program objectives (following option
1) are

A. Design and procure diagnostic and circuit masks to test junctions, passive structures and
simple 1-D and 2D arrays. Make chips and test using these mask sets

B. Design and procure a second generation mask set using tighter dimensional diagnostics and
the most promising array structures. Fabricate and test chips using this second generation of
masks.

Overall, the goal of the program is to establish some promising array structures for exploitation
and development into possible applications in follow on programs. The theoretical advantages of
Josephson arrays as sources, if they can be achieved, would make these attractive micro-/mm-
wave oscillators for commercial and military applications.

2 Status of research effort

Much work has been done in the field of LTS Josephson arrays, e.g. [1]-[3]. If such oscillators
could be adapted to YBCO for operation near 77K, a number of additional practical advantages
could be achieved.

2.1 Junctions

At the time of proposal, the primary junction being investigated at Conductus (and one of the
better performing junctions in the community) was the bi-epitaxial structure [4]. In this junction,
discussed extensively in the proposal, a seed layer is used to force a 45 degree rotation in the
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The object of this program was to determine the best approach and to construct one and two-
dimensional arrays of YBCO Josephson junctions with the purpose of making oscillators. While
originally bi-epitaxial junctions were envisioned as the junction technology of choice (one of the
best available at the time the proposal was written), better technologies surfaced in the interim.
Thus while the goals and objectives do not change on the surface, the underlying technology may
have shifted somewhat from that originally planned. The program objectives (following option
1) are

A. Design and procure diagnostic and circuit masks to test junctions, passive structures and
simple 1-D and 2D arrays. Make chips and test using these mask sets

B. Design and procure a second generation mask set using tighter dimensional diagnostics and
the most promising array structures. Fabricate and test chips using this second generation of
masks.

Overall, the goal of the program is to establish some promising array structures for exploitation
and development into possible applications in follow on programs. The theoretical advantages of
Josephson arrays as sources, if they can be achieved, would make these attractive micro-/mm-
wave oscillators for commercial and military applications.

2 Statu earch e

Much work has been done in the field of LTS Josephson arrays, e.g. [1]-[3]. If such oscillators
could be adapted to YBCO for operation near 77K, a number of additional practical advantages
could be achieved.

2.1 Junctions

At the time of proposal, the primary junction being investigated at Conductus (and one of the
better performing junctions in the community) was the bi-epitaxial structure [4]. In this junction,
discussed extensively in the proposal, a seed layer is used to force a 45 degree rotation in the
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plane of grain growth for 1/2 of the junction. The resulting high-angle grain boundary forms the
junction. These junctions have useful absolute parameters (and have been used in commercial
products) but have very large spreads on a wafer. Based on array simulations, the spreads are
sufficiently large that enough phase locking in an array to generate measurable radiation seems
unlikely.

Since the proposal stage, however, numerous other junction technologies have been developed.
One internal technology is based on SNS junctions [5]. This junction structure uses a CaRuQO;3 or
other normal metal layer separating two YBayCu30+ layers in an edge geometry* as suggested
by Fig. 1a. CaRuOs3 is desirable as a barrier layer for a number of reasons. It is a cubic
perovskite with a lattice parameter of 3.85 A, which falls between the a and b lattice parameters
of YBa;Cu3037, it is metallic, and can be grown in conditions compatible with YBa;Cu301.
Also, CaRuO3 is chemically compatible with YBayCu3O7 and its conductivity does not appear to
be strongly dependent on doping or oxygen concentration. Both the superconducting and the
barrier films are laser ablated. An edge geometry was used to keep the critical currents
reasonable since the barrier conductivity is quite high. The first YBaCu3O7 layer and the
SrTiOs3 layer are deposited first and then patterned with ion milling (to help form the edge). The
CaRuO3 and second YBa;Cu3 07 layers are then deposited before the next patterning step.
Passivation and normal metal contact layers are then applied and patterned.

CaRuO3
~ YBCO
SrTio 3‘—";5 o
YBCO
LaAlOg substrate

Figure 1. Structure of the SNS edge junction.

For a 4 um wide junction, critical currents are typically in the range of 100 pA at 77K with a
corresponding normal state resistance of about 1 2. Spreads are considerably better. Three
sigma values of £40% and better have been measured (dependent somewhat on the exact barrier
being used) which, based on simulation, should be sufficient for array phase locking and
detectable radiation.
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2.2 Diagnostics and array types measured

A variety of diagnostic test structures were included on the test masks to check the status of the
process. This was done in conjunction with other programs and the results were generally quite
satisfactory. While there are many circuit and process parameters of general interest, not all will
be discussed here. The upper and lower YBCO levels never pass over each other except at a
junction and at that point, the edge junction will dominate any leakage through the SrTiO3, thus
the integrity of that dielectric will not be a concern here. The integrity of the dielectric between a
normal metal wiring level and the YBCO is of potential concern but 400 um? capacitors showed
resistances > 10 kQ. Based on the junction impedances discussed above, this is not a concern.

The wiring interconnect integrity was found not to be a problem, even when going over 200 nm
thick structures on the lower level (less than a 20% degradation in conductivity). Contact
resistance is primarily an issue in the sense of the bias pads and any interconnect pads. The
smallest such structures envisioned in this work is 100 pm x 100 um. The contact resistance was
found to be less than 10 m< for such pads which, based on array impedances, should not
represent a problem.

The only remaining diagnostic is the junction proper. A large number of test chips have been
made to make preliminary evaluations of uniformity and the absolute parameters possible. These
have generally been done on dedicated 1/4” test chips designed for compatibility with a variable
temperature probe. A sample IV curve is shown below.
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Figure 2. IV curve of an SNS junction. The steps shown here are the result of digitization rather
than being physical.

Both 1-D and 2-D arrays were made. The generic structures are shown in Fig. 3. One
dimensional arrays are, of course, simpler but are more susceptible to trouble from junction non-
uniformities. Obviously an open junction will doom a 1-D array but phase locking is also more
difficult. The 2-D arrays are much more capable of achieving a phase lock with presently
practical parameter spreads but are more subject to chaos and vortex nucleation.
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Figure 3. Typical 1-D and 2-D array structures that were built and tested.

The topology of the actual 2-D array structure is shown in Fig. 4. Four um-wide junctions are
used and no particular wiring levels are needed. A simple set of normal metal conracts are

provided for bias and IV curve measurement.
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Figure 4. Physical structure of a 2-D SNS array.

2.3 Results: IV curves, radiation measurements and resonator links

Both isolated arrays and those embedded in log-periodic spiral antennas [6] have been used. In
the latter case, the array is electromagneticaily, a lumped element at the frequencies of interest
and is placed at the apex of the antenna. The antennas are monolithic (fabricated in the lower
YBa;Cu307 film) designed for operation in the range 60-250 GHz. Based on present circuit
time constants, it is believed the arrays can operate at least up to the 250 GHz antenna upper
bound. The L/R circuit time constants (arising from array interconnect plus Josephson
inductances and junction resistance) would have limited the bandwidth to something under 500
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GHz anyway so the antennas do not represent a major design problem. For some measurements,
the isolated arrays were used as half of a quasi-optical confocal resonator [7] (the other haif
being a spherical aluminum mirror). By making the array an integral part of such a high quality
factor resonator, it is easier to lock the array to a particular frequency to decrease linewidths.
The dominant transverse electromagnetic (TEM) resonator modes are characterized by both E
and H fields tangential to the array and linearly polarized. Coupling to the junctions in this
rectilinear array is therefore relatively easy. Since reasonable power levels could be coupled out
of the resonant structure with small linewidths, it may be a useful arrangement for some
applications.

Three specific topologies will be discussed here. Type A is a square array without an antenna
consisting of 361 participating junctions (19 parallel columns of 19 junctions each) and 361
cross-junctions. Type B is also a square array without an antenna but consists of 28900
participating junctions (170 columns of 170 junctions each) and 28900 cross-junctions. Type C
is a rectangular array of 352 participating junctions (11 columns of 32 junctions each) and 352
cross junctions embedded in a log-periodic spiral antenna. The array critical current will be
approximately the number of columns multiplied by the junction critical current.

An IV curve for an array of type A is shown in Fig. S for the bare array and for the same array
locked to a confocal resonator. The composite critical current and normal state resistance are as
expected for this array type based on a junction critical current of 40-45 HA and an R, of about 1
Q) (measured from witness junctions fabricated during the same process run). The basic IV curve
is quite clean and RSJ-like, suggesting that the inhomogeneities in the array parameters are
reasonable and there are not large concentrations of non-functional junctions. When the array is
positioned to form one end of a confocal resonator, the phase locking to the resonant mode
becomes obvious. The strongest steps correspond to dominant TEMggn modes discussed earlier
(the steps at 0.23, 0.29 and 0.35 mV) into which this array can most easily launch. Six of these
arrays were measured with similar IV curves (with and without the confocal resonator) and
critical currents ranged from 700-800 HA. A type B array was also measured with a qualitatively
similar result in that the IV curve was clean/RSJ-like and steps were visible at points
corresponding to resonant modes. The steps were slightly more difficult to see with this array
since they were positioned closer to the critical current. The total critical current in that case was
about 6.8 mA with a composite normal state resistance of about 1.2 Q.

The spectrum for an array embedded in a log-periodic spiral antenna (type C) was measured near
97 GHz and showed a peak power level of about 2 nW in a 3 MHz bandwidth measured at the
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receiver (broadband power was about 0.3 uW, over 1 pW/Hz0-5 narrowband). The power from
the antenna was coupled with a 25 dB gain horn antenna feeding a calibrated harmonic
mixer/spectrum analyzer combination. At this temperature, one would expect a linewidth of
order 10 MHz if all of the junctions were phase locked and there were negligible parameter
variations [2],[9]. Since there significant parameter variations, it is not surprising that this
theoretical linewidth was not obtained [1]. Nonetheless the linewidth is considerably narrower
than that from a single junction or from a small array of junctions. The array was also found to
be bias tunable over most of the bandwidth of the receiving system (90-160 GHz) with amplitude
variations of less than 5 dB. Locking to a high Q resonator such as the confocal resonator
produced very narrow oscillations (of order 3 MHz centered at 96 GHz) which may be of use in a
number of applications.

The spectrum of an isolated type B array, placed 1 cm from the horn entrance, was measured
with a linewidth of approximately 10 MHz (the theoretical value assuming no parameter
variations is about 180 kHz) centered at 110 GHz as shown in Fig. 6. The spectrum shown in
Fig. 6 is corrected for the minor frequency dependence of the horn gain. It is expected that the
linewidth will scale inversely as the number of participating junctions if the parameter spreads
are approximately constant [2]. If one were to scale the measured linewidth of the type C array
to be equivalent to the size of the type B array, one gets about 8 MHz which is quite close to the
measured value. Since this array is much larger, it is expected that there were larger yarameter
spreads from film variations alone. On the subject of power levels, the coupling on this type B
array is much poorer because of the lack of an antenna. Even with this problem, the spectral
peak was about 1 4W in a 3 MHz bandwidth measured at the receiver (nearly 1 nW/Hz0.5).

We have demonstrated likely coherent radiation from HTS Josephson array sources in the 90-160
GHz range with up to nearly 60000 junctions. Over 1 4W has been coupled out (and in some
cases that was weakly coupled) when using broadband antennas on chip and tunability over fairly
wide bandwidths (tens of GHz) has been demonstrated. Resonator coupling has also been used
to demonstrate power extraction with narrow linewidths.




F49620-92-C-0048 High temperature superconducting Josephson junction array systems 10

I (mA)

array in confocal resonator
«====s array alone

0 —————+ =
0 01 02 03 04 05

V (mV)

Figure 5. An IV curve of a 2D array with a total of 722 junctions. One curve is for the bare
array and shows RSJ-like behavior and a critical current consistent with the average for the
process run. The overlay shows the IV curve when the array is placed in a confocal resonator.
Locking to various confocal resonator modes is obvious.
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Figure 6. A spectrum of a 2D array showing nearly 1 uW (3 MHz bandwidth) output power at
110 GHz. The signal was measured with a conventional 25 dB gain horn antenna placed 1 cm
from the array.
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Other topologies, more speculative in nature, have also been tried. The topology of Fig 7 is a 2D
array with 8 extra interlink junctions added per unit cell (a 2x increase in junction density with
no increase in process complexity). By adding additional paths for current redirection, the
effects of paramater variations can be further minimized. Since the effective system inductance
is also being reduced, some of the voretx nucleation probiems can also be reduced (although the
simulations at present do not address this issue). According to simulations, this results in about a
2x increase in phase locking probability, a 4x increase in power output and factor of 2.5
reduction in linewidth. These calculations all assume typical SNS junction parameters and
typical layout rules.

Upper YBCO + n layer

Lower YBCO # dielectric

Figure 7. Modified 2-D array topology allowing easier current redirection and a lessening of the
effects of parameter spread.

Many of these results expected from simulation have been confirmed by experiment. A series of
test arrays have been fabricated using standard 2D arrays and the two invented topologies of Fig.
2. The standard 2D array consisted of 342 junctions in the flow columns plus an additional 342
cross junctions. The type Q topology was fabricated with a total of 1368 junctions and type 2b
arrays with 2052 junctions. In all cases, the nominal junction critical current was 40 PA and the
normal state resistance was about 2 Q. All tests were conducted at 77K. Five ordinary 2D arrays
and 3 type A arrays were found to be functional in this particular run. The table below shows the
output powers and fractional linewidths observed (operating at =150 GHz). The trends confirm
the simulation to a large degree and illustrate the advantages of the new topologies in output
power and linewidth above and beyond what would be expected just from junction count (which
would predict about a 1.5x linewidth reduction and 2x power improvement.
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ARRAY TYPE and # POWER OUTPUT (dBm) | FRACT. LINEWIDTH

15-1 =32 0.0020

D2 33 0.0024
By -40 0.0050 i
{2D4 -32 0.0031 i
2D-3 -33 0.0038
[TYPE Q-1 23 0.0010 4

YPE Q-2 27 0.0012 —1
[TYPEQ3 177 100009 |

2.4 Spec.ral analysis and extracted margins

One interesting application of array spectra is the extraction of statistical information about the
junctions. Since an increase in average spread correlates very well with an increased linewidth,
it may be possible to back calculate from the measured spectra an estimate of the junction
statistics (3]

We start by assuming that the junction parameters are normally distributed and independent.
This is dangerous for the smaller arrays (since many variations can be traced to larger scale
process deviations) but satisfactory comparisons with DC data have been obtained so far as will
be shown. Then, for a given array topology and bias conditions, there are four unknowns in the
system: mean critical current (<I.>) , standard deviation of critical current (61;), mean normal
state resistance (<Rp>), and standard deviation of normal state resistance (0R,). From the
known bias data and array geometry, it is possible to extract reasonable estimates of <I.> and
<Rp>. The fitting routines will then be used to extract the remaining two parameters from the
normalized spectrum. The spreads ol; and oR;, both affect the shape of the spectrum but the
effect of spreads in critical current are particularly dramatic [2). The accuracy of the extraction
of ol is therefore expected to be better than that for 6R,, as will be discussed below.

The measured spectra are fit (via a Levenberg-Marquardt algorithm {8]) to that computed from a
self-consistent simulation of the structure illustrated in Fig. 4. As discussed by several groups
[2], the two-dimensional structures are considerably more forgiving to defects and deviations
because of the myriad of alternate current paths available. The analysis begins with Kirchoff's
law applied at each node of the array. The junctions are assumed to be RSJ-like at least in the
sense that the low-temperature IV curve nearly fits the theory and the usual voltage-phase
relation holds. Thermal noise is modeled by a modification of the analysis by Ambegaokar and
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Halperin [9], although it is believed that this will overestimate the broadening for some of the
junction technologies since the current-phase relationships are not perfectly sinusoidal. Each
junction is assumed to be coupled to an external impedance (a ground plane is always assumed)
which is composed of a radiation resistance and some near-field impedance. While the former is
important for computing the loading and output power coupling, the latter represents an
additional coupling mechanism between the junctions in the array. These contributions are
estimated from finite element techniques but one can see they arise from surface wave mode
coupling, microstrip patch coupling and dielectric reflection [10]. Based on work with arrays of
FETs and diodes [11]-[12] and due to the high dielectric constants involved, we will assume that
the reactive part of this coupling impedance is predominantly capacitive. Loop inductance was
neglected since for the arrays geometries analyzed here, each loop had less than about 1 pH of
inductance. The individual loop LI product was always less than 0.05®g so flux quantization
was neglected. Quantization in multiple loops is physically possible [2] and, in general, should
be considered but it is less likely in the present geometries. The phase at each node 9, is the state
variable [2-3]. The equation for node j is then

< . h a(¢i - ¢,)
g |:Ic.i.] sin(¢, - ¢1) + 28R,_j o
Y n a(¢k_¢j) az(¢k—¢j) _

where I ; j and R; ; describe the junction connecting nodes i and j, N; is the number of nearest
neighbors to node j and N is the total number of nodes. The second summation represents the
coupling impedances discussed above (first term resistive, second term capacitive). For interior
nodes, Nj=4 for the standard 2D structure shown in Fig. 4. Variations on this present structure
allow values up to Nj=16 (all data and further analysis refers only to the standard 2D structure).
For junctions on the edge of the array in the standard structure, Nj is 3.

The By and Cy; terms describe the coupling between junctions (multi-junction interactions are
not considered explicitly) through surface modes and the near fields (Bkk and Cyy =0). These
values are numerically estimated through finite element simulations based on a pair of junctions
in the environment of the circuit: on the LaAlO3 or YSZ substrate with ground plane. All of the
parameters will not be shown here for space reasons but for the arrays analyzed in this paper, the
nearest neighbor By; values were always below 0.2 in absolute value (much smaller in some
cases, see the arrays section) and the nearest neighbor Cy; values were below 1012 The Cy;
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values fall off super-linearly with node separation but the By; interactions fall off sub linearly
(representing the surface mode components). While it appears from the measurements and
simulations that the nearest neighbor interactions dominate, the effect of the ground plane cannot
be neglected because of the substantial effects on impedance, the addition of capacitance and the
promotion of surface modes. Normal metal ground planes were used experimentally but perfect
conductors were assumed for the calculations. Clearly both B and C values will increase as the
substrate gets thinner or as the dielectric constant increases. As the array packing increases or
electrode width increases, the direct coupling parameters C increase but B values do not change
much. If the metallization occupies a very large fraction of the surface the B parameters do
increase and their spatial dependence flattens out (a parallel plat mode is more likely). These
dependencies combine to create different B and C parameters for the various arrays.

Iexej is the external current applied to node j and is zero for all interior and top/bottom nodes.
For nodes that are biased, Lexj is equal to the bias current per row multiplied by X1 depending on

the exact bias arrangement used. For these experiments, the bias is applied uniformly from the
side bias pads although many other possibilities are of interest [13].

The usual approach is to formulate the phase derivatives as a function of the phase state variable
® and solve the differential equation system conventionally in time. That is, we desire a system

of the form

KR .
> f.(.‘b)

30| |1 @)
L o | fan (),

but as presently formatted, the system is described by
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where @ represents all of the nodes phases ¢y, ..., ¢n; 5 and g; are functions of the node phases,
the junction parameters, the stimulus and the topology. The state variable ¢n. 1, ..., dN are
dummy variables for the first derivatives of the phases (following the standard approach of
solving a second order system by converting it to a larger first order system). To understand the
terms in this system, consider node p which initially we assume to not be on an edge. By looking
at the first equation, the dominant elements of A in the p® row are (Q=number of junctions per

row of the array):
1

ap,p+l = R + Bp.p+l

p.o+!
A1 = R + p.p-1

p.p—1
ap.p*Q = R + Bp-l»Q

P.p+Q

-— _l__ B

Q0= R + p.p-2

P.P~Q

1 1 1 1
= - - Bp.pﬂ - Bp-p-l - BP-IHQ - BP-P‘Q - CP-P*N*"

pp =" - -
Rn.p.p-Q Rmp.p#Q R-.p.p—l Rn.p,p+l

—Cp,p#N-l - Cp.p+N+Q - Cp,p+N-Q

The other terms in the row are straightforward to derive from Eq. 1. The corresponding gp(P) is

given by

2. (D)= _Z._e_[lc,p.pﬂ Sin(¢p+l - ¢p) + Ic.p.p-l Sin(¢p—l - ¢p)
? A+ ppegSi(@y.g = $)+ 1, p-0SiN(P, 0= 9,)
For nodes on the right edge of the matrix, ap, ,.;=0 and the second term in gp is replaced by
-Lext,p- For nodes on the left edge, ap p+1=0 and the first term in g is replaced by -Iextp. For
nodes on the top edge, ap p-Q=0 and the fourth term in gp is replaced by 0. For nodes on the
bottom edge, app+Q=0 and the third term in g is replaced by 0. The terms for the comer nodes
are obvious extensions of this reasoning. To clean up the details on the dummy variables,
gN+k=0k and an4k =0k for k running from 1 to N.

Since the matrix A is dependent only on the array topology and the effective junction resistances,
it can be pre-computed and inverted before the differential equation is solved. Depending on the
coupling coefficients Bjx and Cjk, the matrix A is not particularly sparse and general routines
must be used. If the ground plane is far away (not an advisable situation based on resultant poor
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power coupling to the measurement apparatus), sparse matrix techniques can sometimes be
employed.

During the differential equation solution period, the phase derivative vector can then be quickly
computed based on present phase values. This is computationally more efficient and far more
robust than relying on previous values of the phase derivative. The differential equation is
solved using a Bulisch-Stoer method (8] with adaptive step-size control. Since the solution to
this problem is relatively smooth , this is a computationally efficient approach. Because this is a
time domain calculation, the result itself is not of prime interest but rather the power spectrum is.
The computation is continued for approximately 1000 cycles after periodicity in the terminal
waveform is established. The power spectrum of the resulting waveform is then computed using
fast Fourier techniques and a Welch window [8). The resulting spectrum is normalized and
compared to the measured spectrum in an RMS sense over a frequency range of 5 times the
linewidth of the measured signal. The measured spectrum was corrected for the frequency
dependence of the receiving measurement system before this process. This routine is repeated
10-20 times in a Monte Carlo fashion. Because of the averaging nature of the array, many Monte
Carlo iterations were not needed unless a particularly bizarre distribution was obtained (e.g., a
statistical freak such as a cluster of dead junctions). The average of these error functions was fed
back as the error for the fitting routine. '

Arrays with 200-2500 junctions have been simulated using this technique although the more
common case has approximately 400 junctions which were most often fabricated. On a
computer based on a Motorola 68040 microprocessor operating at 33 MHz, a fit for a 400-
junction array took approximately 2 hours while for the 2500 junction arrays, the fit took
approximately 3 days. The precision requested for these benchmarks was about 10~ on the
parameter spreads and the accuracy is expected to be within 10% on ol.. Because of the weaker
dependence of spectral shape on 6Ry, the accuracy is expected to be only about 20%. Changes
in R, most clearly affect the tails of the spectrum making the extraction of that parameter even
more difficult if the coupled signal is weak. Also, it is assumed that 6Ry=0R since the junction
resistance does dominate the interaction between nearest neighbors. It must be emphasized that
the above numbers are errors on the spreads and not spreads themselves.

Type D arrays discussed in this paper are composed of SNS YBaCuO junctions [5] and consisted
of 19 rows and 19 columns for a total of 722 junctions. All arrays were measured at 77K and a
representative spectrum along with the fit are shown in Fig. 8. The spectra were measured using
a horn antenna coupled to a heterodyne receiver operating over the range 90-160 GHz with a

—
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minimum noise floor of approximately -80 dBm. Power was coupled with 20 dB gain
rectangular waveguide homns (W or D band) placed 4 to 10 cm above the array (position adjusted
for maximum power, spectra observed not to change in shape). The angular orientation of the
horm was adjusted in all cases for maximum power (generally obtained when the short wall was
aligned with the bias current direction). The receiver (a spectrum analyzer harmonic mixer) was
calibrated and the accuracy of the power levels is approximately +2 dB. The orientations were
adjusted for maximum power since the high dielectric constant of the substrate impeded coupling
somewhat. This coupling was not estimated for these experiments, absolute power entering the
horn was measured directly, since the spectral shape was of more interest.

These spectra have been corrected for the frequency dependence (before the normalization to a
peak value of 1) of the receive antenna and down-conversion circuitry which were measured
independently using a commercial broadband source. The interpretation of the absolute power
levels of some of these arrays are discussed elsewhere [1] but here they tended to be on the order
of tens to hundreds of nW for all of the arrays (varying sizes and none with antennas on chip).
These power levels are affected by the non-uniformities as well as the coupling structure used in
the given implementation and hence should not be compared directly. The power levels are,
however, consistent with DC power levels ( efficiency of a few %) and DC IV curve step-sizes.
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Figure 8. Measured and fit spectra of an SNS array. The baseline is not fit in this process and is
somewhat arbitrary.
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The statistics for the array extracted from the spectra are shown below along with DC parameters
measured from a chip of junctions produced at approximately the same time. There was a
difference in the varrier thickness used so the parameters are not that close absolutely but the
fractional spreads are quite close.

These results do suggest the power of array-based data extraction. Very few measurements are
need and they are very fast but a wealth of data for large arrays can be extracted. Based on
comparisons with many arrays, the data seems quite valid and the intrachip statistics are over
large enough numbers to be extremely useful. Such measures are currently in use at Conductus
for process optimization feedback.
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3 Publications:

Two papers based on the work in this program have been published, these may included some
work performed in a successor SBIR program be vinning in July 1993 . They are references 3
and 4 above whose listing is repeated below.

J. S. Martens, A. Pance, K. Char, L. Lee, S. Whiteley, and V. M. Hietala, “Superconducting
Josephson arrays as tunable microwave sources operating at 77K,” Appl. Phys. Lett. 63, 1681
(1993).

J. S. Martens, K. Char, A. Pance, L. P. Lee, M. E. Johansson, S. R. Whiteley, K. E. Kihlstrom, J.
R. Wendt, V. M. Hietala, T. A. Plut, G. A. Vawter, S. Y. Hou, Julia M. Phillips, and W. Y. Lee,
“The use of 2-dimensional arrays to determine the uniformity of Josephson junctions,” IEEE
Trans. on Appl. Superc. 3, 3095 (1993).
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program, he was responsible for the development of TRW’s niobium Josephson junction p.ocess
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conducted research on NbN films and tunnel junctions, and on granular composite films
containing NbN. He also worked on the development of artificial tunneling barriers for all-
refractory superconductor junctions. His graduate work at UCLA involved the fabrication of
Josephson junctions using various barrier and multilayer techniques. Randy Simon brings
expertise in both high- and low-temperature superconductor materials and devices and
considerable project management experience to this program.
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technologies, the demonstration of HTS digital circuits, the development of the flux flow
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circuits (including a demonstration of HTS single flux quantum logic circuits), junction
development and mm-wave measurements.
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quasioptical arrays with 1000-1100 junctions for fabrication in Nb-based technology. He has
proposed new Central frequency/Wideband design of quasioptical Josephson oscillator arrays
with integrated tuning structures. Dr. Pance is currently involved in several projects dealing with
both digital and analog high frequency applications of low and high temperatui'e
superconductors.
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sapphire substrates. His multilayer technique has been successfully applied to produce
engineered Josephson junctions in high-quality films. He leads the team that has developed the
bi-epitaxial Josephson junction technology now in use at Conductus and is responsible for many
of the key innovations behind Conductus' HTS JJ technology. Recently, he developed epitaxial
HTS SNS Josephson junctions using CaRuOj as the metallic barrier. At Stanford University, he
developed highly-successful mullet-source sputtering techniques for producing YBCO films and
identified the existence of the “2-4-8” phase in these films. He also pioneered many techniques
for processing YBCO films. Kookrin Char has maintained a position of leadership in high-
temperature superconductor thin film materials and Josephson junctions since the earliest days of
this new technology.
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Ms. Johansson gained experience in film-based x-ray tomography while at the University
of Linkoeping. She spent three years in the development of passive microwave components
while a researcher at the National Defence Research Institute in Linkoeping. During two years
as a guest researcher in the Cryoelectronics Metrology Group of the NIST, Boulder, she gained
extensive experience in the deposition and structural and electrical characterization of high
temperature superconducting thin films as well as in the fabrication and electrical testing of
devices made from these films. She joined Conductus in June 1992.
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Stephen Whiteley

Current Position:
Manager, Digital Technologies group

Education:
Ph.D., Electrical Engineering and Computer Science, UC Berkeley

Experience:

Stephen Whiteley has an extensive background in superconductor and semiconductor
circuit development. Most recently he has served as a consultant to several firms pursuing
superconductive electronics development, particularly in the area of advanced signal processing
components. He is currently developing an advanced Josephson circuit simulator based on
SPICE3 as a commercial product. He served as the manager of the New Devices and Circuits
Group at Hypres, Inc., where he designed complex Josephson circuitry that was often integrated
with optical and other sensors. Upon completion of his doctorate, he worked for Tektronix, Inc.
on designing a high-speed analog/digital bipolar LSI integrated circuit -- a time interpolator —
that is currently in use in the company’s products. Stephen Whiteley’s participation brings one
of the foremost experts currently working in this field into the project.

3 Interactions:
Although the talk was not given during the term of this contract, it was based in part on the work
described above:

“HTS Josephson arrays,” 1993 International Superconducting Electronics Conference, Boulder,
CO, 8/12-14/93.

6 New discoveri
A new quasi-3D topology with improved linewidth (discussed in section 2.3) was disclosed to

the Air Force already. This novel structure capitalizes on the advantages of better current
redirection to decrease the effects of critical current inhomogeneity on spectral linewidth.
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1 Future thoughts

It is apparent that it is possible to extract radiation from YBCO Josephson arrays. The SNS
junctions are attractive since their absolute parameters are in useful ranges and the spreads are
not disastrous and are improving. It seems that some interesting subsystem requiring high
microwave or mm-wave tunable sources would benefit substantially from this technology and its
progeny. A follow-on program in progress should be able to answer the questions of where the
technology can most improve and on what subsystems would benefit most from the pe. .ummance
available from these arrays.
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